2. Methods

[7]
The ETAS model is an example of a class of branching 114 point process models known as Hawkes or self-exciting point 115 processes [Hawkes, 1971] . For a temporal Hawkes process, 116 the conditional rate of events at time t, given information H t 117 on all events prior to time t, can be written
118 where m > 0, is the background rate, g(u) ≥ 0 is the triggering 119 function which describes the aftershock activity induced by a 120 prior event, and ∫ 0 ∞ g(u)du < 1 in order to ensure stationarity 121 [Hawkes, 1971] . These models were called epidemic by 122 Ogata [1988] , since according to such a model, an earthquake 123 can produce aftershocks which in turn produce their own 124 aftershocks, etc. An example is the time-magnitude ETAS 125 model of Ogata [1988] , who suggested the magnitude-126 dependent triggering function gðu i ; m i Þ ¼ K 0 ðu i þ cÞ p e aðmiÀM0Þ ;
127 where u i = t − t i is the time elapsed since earthquake i, K 0 > 0 is 128 a normalizing constant governing the expected number of 129 direct aftershocks triggered by earthquake i, and M 0 is the 130 lower cutoff magnitude for the earthquake catalog. The term 131 K 0 /(u i + c) p describing the temporal distribution of after-132 shocks is known as the modified Omori-Utsu law. While the 133 literature in seismology usually lets p > 0, the interpretation 134 of the modified Omori-Utsu law as a probability density 135 function requires p to be restricted to values strictly greater 136 than 1.
137
[8] The ETAS model has since been extended to describe 138 the space-time-magnitude distribution of earthquake occur-139 rences [Ogata, 1998] . A version suggested by Ogata [1998] 
147
[9] One characteristic of model (2) Ogata [1998] suggested the slightly different model with l defined in equation (1) and with g defined in (1)- (2) for the largest magnitude cutoffs. In the 500 simulations, the A r t i c l e i n P r o o f 314 number of events per catalog ranged from 978 events to 2752 315 events above magnitude 2.0, and estimation of the 7 para-316 meters in model (1-3) using the EM procedure converged 317 readily for all of the simulations and magnitude cutoffs 318 selected.
319 3. Results
320
[17] Figures 1 and 2 show the times and magnitudes of 321 events in typical realizations of simulated catalogs using 322 models (1-2) and (1-3), respectively. One sees in Figure 1 323 how sharply the number of events in the catalog above a 324 given magnitude cutoff decreases when the lower magnitude 325 cutoff is increased from 2.0 to 3.0, in accord with the 326 Gutenberg-Richter law; in this example, for model (1-2), the 327 catalog size decreases from 2356 events to just 241. 
A r t i c l e i n P r o o f
341 which show exponential curves fitted by nonlinear least 342 squares. One sees in particular that the bias in p and q appears 343 roughly to stabilize around a lower magnitude cutoff of 344 M 0 = 2.8 and below, whereas for c and d, the bias decreases 345 monotonically as M 0 decreases, though the bias is already 346 minimal and decreases rather slowly for M 0 ≤ 2.4. It is curious 347 that for model (1-2), in the case of p, and q, the bias appears to 348 decrease slightly as M 0 increases from 2.0 to 2.7. These 349 decreases are not substantial, however, and are only border-350 line statistically significant; as described further below, the 351 standard errors for each of these estimates are 0.002 and 0.005 352 for these bias estimates of p and q, respectively. has magnitude scaling, than for (1-2). The parameter q must 399 be interpreted slightly differently for the two models, how-400 ever, due to this scaling. In model (1-2), the parameter q is 401 simply the exponent of the power law spatial decay in after-
402
shock activity around a given main shock, whereas in model A r t i c l e i n P r o o f Figure 9 . Scatterplots of the error in parameter estimates a, d, K 0 , p, q and m, respectively, versus error in the parameter c, using model with triggering function (2). cutoff decreases, the biases in parameters c, d, and q appear Figure 11 . Error versus number of events in the simulated catalog, for the ETAS parameters c, d, p and q, respectively, using model with triggering function (2).
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A r t i c l e i n P r o o f 503 to decrease monotonically. This is good evidence showing a 504 strong relationship between bias and magnitude cutoff. 505 Since (3) incorporates magnitude scaling in the spatial dis-506 tribution of aftershocks, this model may be considered more 507 realistic than (2). Unfortunately, however, the parameter p, 508 which governs the exponent of the power law temporal 509 decay in aftershock productivity over time since the main 510 shock, appears to be estimated with considerable bias for all 511 magnitude ranges considered. Indeed, errors in the estimation 512 of p are especially large for a small subsample of simulations 513 featuring especially strong clustering purely by chance, and 514 in such simulations the intensity of the clustering and the 515 corresponding error in the estimation of p were actually 516 substantially larger when using a smaller cutoff, M 0 . 
